Anoxic sediment slurries prepared from Spartina salt marsh soils contained dimethyl sulfide (DMS) at concentrations ranging from 1 to 10 btM. DMS was produced in slurries over the initial 1-24 h of incubation. After the initial period of production, DMS decreased to undetectable levels and methane thiol (MSH) was produced. Inhibition of methanogenesis caused a 20% decrease in the rate of DMS consumption, while inhibition of sulfate reduction caused a 80% decrease in DMS consumption. When sulfate reduction and methanogenesis were simultaneously inhibited, DMS did not decrease. DMS contributed about 28% to the methane production rate, while DMS probably contributed only 1% or less to the sulfate reduction rate. Incubation of the sediment slurries under an atmosphere of air resulted in similar DMS consumption compared to anaerobic incubations, but MSH and CH 4 were not evolved.
SUMMARY
Anoxic sediment slurries prepared from Spartina salt marsh soils contained dimethyl sulfide (DMS) at concentrations ranging from 1 to 10 btM. DMS was produced in slurries over the initial 1-24 h of incubation. After the initial period of production, DMS decreased to undetectable levels and methane thiol (MSH) was produced. Inhibition of methanogenesis caused a 20% decrease in the rate of DMS consumption, while inhibition of sulfate reduction caused a 80% decrease in DMS consumption. When sulfate reduction and methanogenesis were simultaneously inhibited, DMS did not decrease. DMS contributed about 28% to the methane production rate, while DMS probably contributed only 1% or less to the sulfate reduction rate. Incubation of the sediment slurries under an atmosphere of air resulted in similar DMS consumption compared to anaerobic incubations, but MSH and CH 4 were not evolved.
Sediments from the marsh released significant quantities of DMS when treated with cold alkali, indicating that potentially significant sources of Simple flux experiments with small intact sediment cores, showed that DMS was emitted from the marsh surface when cores were injected with glutaraldehyde or molybdate and 2-bromoethanesulfonate (BES), but not when cores were left uninhibited. These results showed that DMS was readily metabolized by microbes in marsh sediments and that this metabolism may be responsible for reducing the emission of DMS from the marsh surface.
INTRODUCTION
Dimethylsulfide (DMS) plays an important role in the global sulfur cycle through the transfer of sulfur from the ocean and land to the atmosphere [1] [2] [3] [4] [5] . DMS has been observed in a variety of coastal environments, where it is present in the water column [6] [7] [8] [9] , and also in sediment pore waters [7, 10] . Due to the volatility of DMS it may be emitted from water and sediments, and several studies have reported DMS fluxes from vegetated salt marshes, intertidal mud flats, and other exposed sediments [4, 9, 11, 12] . DMS can arise from microbial decay of precursors such as the plant product dimethylsulfonioproprionate (DMSP) [13] [14] [15] [16] [17] , and the amino acid methionine [18, 19] . DMS is also produced during the metabolism of other methylated sulfur compounds such as dimethyl sulfoxide, methane thiol and dimethyl disulfide under anoxic conditions [42] .
In sediment environments, particularly in salt marshes, several potential sources of DMS and its precursors exist. For example, the common macroalgae Ulva lactuca, and members of the genus Spartina, contain significant levels of DMSP [20, 21] . Salt marsh soils contain large amounts of organic matter which could release DMS during microbal decomposition of this material [22, 23] . Additionally, a variety of cyanobacteria and microalgae are known to release DMS [16, 24] .
Relatively little is known about how DMS is metabolized in the environment. Under aerobic conditions, DMS may be oxidized by cultures of Thiobacillus sp. [25, 26] , and by Hyphomicrobium sp. [27] [28] [29] . In anaerobic sediment environments DMS may be metabolized by methanogenic bacteria [30, 31] and sulfate-reducing bacteria [30] .
The purpose of the present paper is (1) to demonstrate how endogenous levels of DMS are metabolized in anaerobic and aerobic slurries of salt marsh sediments; (2) to examine the role of sulfate reduction and methanogenesis in consuming DMS under anaerobic conditions, and to determine the contribution of DMS metabolism to each of these processes in sediment experiments; and (3) to demonstrate that DMS metabolism in the sediments may exert a significant control over the rate of DMS emission from the marsh surface.
MATERIALS AND METHODS
Sediments used for this study were collected from among stands of Spartina alternifiora in the salt marsh at Flax Pond, Old Field, New York. Techniques for the preparation of anaerobic sediment slurries have been presented elsewhere [32] . Slurries (25 ml) were incubated in Erlenmeyer flasks (139 ml). Flasks were sealed with No. 5 recessed black rubber stoppers. Experimental treatments (see below) were run in duplicate, and samples were incubated at 23 °C with gentle shaking (125 rpm).
Sediment slurries were amended with sodium molybdate (20 mM) to inhibit sulfate reduction [33] , or 2-bromoethane sulfonic acid (BES, 10 mM) to inhibit methanogenesis [34] . Molybdate and BES were added in combination to simultaneously prevent both processes. The standard errors among replicate treatments were less than 10%.
Mini-cores used for DMS flux measurements were taken from shallow depressions in the marsh surface in which soft sediments had accumulated, but which did not contain intact roots of Spartina plants. Crimp-seal test tubes (150 x 18 mm, Bellco Glass, Vineland, N J), which had the bottoms cut off, were inserted vertically (5-6 cm) into the sediment within a 30 cm × 30 cm plot. In order to minimize disturbance of the sediment surface, all tubes were inserted before any were removed. The bottoms of the cores were sealed with rubber stoppers and they were then removed from the sediment and returned to the laboratory. In the laboratory, any overlying water was removed with a syringe, leaving only a thin (3-mm) lens of water above the sediment surface (1.3 cm2). Each tube contained between 6.5 and 8.0 cm 3 of sediment.
Triplicate sediment cores were selected at random and were injected with 0.5 ml of either distilled water, glutaraldehyde, or a solution of MOO4:-plus BES. Final concentrations of glutaraldehyde, MoO 2-and BES were 0.5% (v/v), 20 mM and 10 mM, respectively. The tube-cores were then sealed with teflon-faced septa (Supelco) and an aluminum crimp with a headspace of about 5 ml air. Incubation was at 22°C under fluorescent room lighting (approx. 12 h per day).
Total hydrolyzable DMS was measured in cores taken from various locations in the marsh. Small (0.6-1.0 cc) sediment samples from discrete depths were taken with cut-off plastic syringes, and subsequently placed in serum bottles (14 cc). After sealing the bottles with Teflon septa, 1 cc of 10 N NaOH was added. This procedure cleaves compounds such as DMSP to yield DMS [15, 20, 35] . The evolved DMS was measured after 12-24 h and total DMS was determined from the amount in the headspace and that remaining in solution [36, 37] .
Methane, DMS and MSH were measured by headspace gas chromatography using flame ionization detection (Shimadzu GC-R1A). The column used was either Porapak R (80/100 mesh, stainless steel, 2 m x 3 mm) or Supelpak (Teflon, 0.6 m x 3 mm). Oven temperature and column flow rate were 120 °C and 50 ml/min N2, respectively. The detection limits for DMS and MSH in slurry experiments was 0.15/~M and for tube-core experiments it was 0.04 nmol DMS per cm 2. In slurry experiments, the concentrations of methylated sulfur compounds in the liquid phases were calculated from the distribution coefficients [36, 37] and the headspace concentrations.
RESULTS
Sediment slurries, prepared from the upper 10 cm of Spartina peat soils contained detectable quantities of DMS (Figs. 1A and 2A) . Dissolved DMS concentrations typically ranged from 1 to 10 /~M at the start of experiments. Initial DMS levels did not vary greatly within experiments but significant differences were seen among experiments (data not shown). 73 Time courses of DMS in marsh sediment slurries showed that DMS was produced over the first several hours of incubation (Fig. 1A) . Increases in DMS have been observed for periods of up to 24 h in some experiments (data not shown). After the initial increases, DMS levels decreased to undetectable levels.
Both molybdate (20 mM) and BES (10 mM) inhibited the consumption of DMS (Fig. 1A) , with molybdate giving substantially greater inhibition than that observed with BES. When molybdate and BES were added in combination, DMS consumption was blocked.
Methane thiol was produced during DMS metabolism in marsh sediments (Fig. 1B) . Molybdate strongly inhibited MSH production relative to untreated samples. BES alone did not inhibit MSH production but consumption was slightly inhibited. When BES and molybdate were added together, MSH production was inhibited, but more MSH was evolved than when molybdate was added alone and it did not decrease during the experiment.
Molybdate stimulated methane production after the first day of incubation (Fig. 1C) , while BES and BES + MoO 2-completely blocked CH 4 production.
The consumption of endogenous DMS oc- Fig. 2) . In both cases, consumption was biological, since DMS did not decrease in the presence of glutaraldehyde (data not shown). MSH was evolved only under anoxic conditions ( Fig. 2A) , and methane production was significantly greater in the anoxic samples (Fig.   2B ).
In order to test whether sediments contained potential sources of DMS, samples of whole sediments were treated with strong base (NaOH). A profile of base-hydrolyzable DMS in a sediment core taken from an intertidal mud fiat in Flax Pond (Fig. 3) A flux experiment was carried out using inhibited and uninhibited mini-cores in order to test whether biological activity in the sediments was involved in the emission of DMS from the marsh surface. Intact sediment mini-cores which were injected only with distilled water (controls) did not release detectable quantities of DMS (Fig. 4) . When anaerobic processes (sulfate reduction and methanogenesis) were inhibited with MoO 2-plus BES, a slow, but steady accumulation (0.07 nmol. cm-2. d-1) of DMS was found. When all biological activity was inhibited with glutaraldehyde, significant amounts of DMS were steadily evolved (0.68 nmol-cm-2. d-1). Profiles of hydrolyzable DMS from these same sediments, on two different dates revealed levels of approx. 110 /~mol.l -~ sediment near the surface, decreasing to approx. 70/~mol • 1-1 at 5 cm (data not shown).
DISCUSSION
The DMS concentrations of 1-10/LM observed in sediment slurries from Flax Pond were considerably higher than the previously reported in situ values (0.1 ~tM) in undisturbed salt marsh sediments [10] . However, the values from the present study are similar to the 10-20/tM concentrations of DMS observed by Howes et al. [10] in cores which were sectioned by cutting. Howes et al. [10] postulated that DMS increases were due to release of the osmolyte DMSP, which is found in Spartina species [20] and its subsequent cleavage to DMS and acrylic acid. Kiene and Visscher [43] have demonstrated that DMSP rapidly yields DMS when added to anoxic marsh sediments. Thus, DMSP from Spartina plants and detritus may be a major source of DMS in marsh sediments. Other sources of DMS could include DMSP from algal and detrital material as well as organic matter containing methionine [19] . Homogenization of sediments to form slurries appears to promote the release of DMS precursors and ultimately DMS.
The DMS which is present in sediment slurries is consumed by biological processes (Fig. 1A) , although some abiological losses can also be expected [42] . Results with the inhibitors MoOn 2-and BES suggest that both sulfate-reducing and methane-producing bacteria are responsible for consuming endogenous DMS in marsh sediments, and that these may be the major processes involved in DMS metabolism under anoxic conditions. Inhibition of DMS consumption by molybdate strongly suggests the involvement of sulfate reducing bacteria in this process [33] . However, it remains a possibility that organisms such as fermentors, which depend on the sulfate-reducing system, may have been affected by molybdate [38] .
In the experiment presented in Fig. 1 , initial DMS levels were approx. 5/tM and sulfate reduction accounted for about 80% of the DMS con-sumption rate during the period 0.1-1.8 days.
Methanogenesis accounted for about 20% of the consumption over the same period. Similar results have been obtained in several experiments, with methanogenesis always consuming less than 20% of the endogenous DMS (data not shown). The rapid decline of DMS after 2 days in the molybdate treatment may be due to the stimulation of sediment methanogens which resulted from the lack of competition from sulfate reducers [33, 39] . Methane production was stimulated after the first day of incubation (Fig. 1C) . DMS may be one of the substrates utilized by methanogens when the sulfate-reducing population is inhibited with molybdate.
The results described above are consistent with the observations of Kiene et al. [30] who found that sulfate reduction accounted for more than 90% of the metabolism of [14C]DMS (approx. 5 /~M) in anoxic sediments from San Francisco Bay salt marsh. Furthermore, these authors suggested that sulfate reducers outcompeted methanogens for these low levels of DMS.
DMS metabolism by sulfate-reducing bacteria probably contributed only a small fraction to the total sulfate reduction in these marsh sediments. This is because the DMS consumption rate was only about 2/Lmol • 1-1. d-~, while rates of sulfate reduction are typically greater than 200/~mol • 1-• d-1 in these sediment slurries [40] .
DMS may have played a more important role in methanogenesis, despite the small fraction of the total DMS which was metabolized by this pathway. If the difference in the slopes of the DMS consumption curves (Fig. 1A) for the controls and the BES-inhibited sediments represents the DMS consumption rate by sediment methanogens, then DMS contributed 28% to the methane production during the period 0.1-1.8 days. This calculation assumed that DMS was converted to CH 4 by the following stoichiometry [30] : (CH3)2S + H20 ~ 1.5 CH 4 + 0.5 CO 2 + H2S.
Methane thiol was produced during the consumption of DMS in anoxic sediments (Fig. 1B) .
Results from inhibitor experiments suggest that sulfate reduction is responsible for both the production and consumption of MSH. Thus, sulfate reducers consume most of the DMS and also are responsible for the production of most of the MSH.
BES slightly inhibited the loss of MSH during experiments (Fig. 1B) , suggesting some consumption by methanogenic bacteria. A pure culture of a methanogenic bacterium produced and consumed MSH during growth on DMS, and gave a time course very similar to that found in sediments [30] . The small effect of BES on the time course of MSH may reflect the small contribution of methanogenesis to DMS and MSH metabohsm.
While this study emphasized anaerobic metabolism of methylated sulfur compounds, aerobic metabolism may also occur. Sediment slurries incubated under an oxygenated atmosphere consumed DMS at a rate similar to that in anaerobic sediments (Fig. 2) . The major differences between the aerobic and anaerobic treatments were that MSH and CH 4 were not evolved in the aerobic samples. Several types of aerobic organisms are known to metabolize DMS. These include Thiobacilli [25, 26] and Hyphomicrobium sp. [27] [28] [29] . Aerobic pathways for the degradation of DMS include MSH as an intermediate [27] [28] [29] . It is possible that MSH was formed in the aerobic treatments but that it was rapidly metabolized to inorganic species or chemically oxidized to dimethyl disulfide (DMDS). I did not detect DMDS in this experiment; however, the detection limit for DMDS was several-fold higher than for DMS or MSH.
Sediments from a variety of habitats within the marsh (peat soils, mud-flat, creek bank), contained appreciable quantities of base-hydrolyzable DMS (Fig. 3) . This quantity probably represents DMSP which is present in the sediment organic matter, although other sources cannot be ruled out at this time. It must be stressed that the values reported do not represent dissolved or available DMS and no attempts were made to distinguish between these various pools. The values are considered only to be total 'hydrolyzable' DMS. Sediment profiles of hydrolyzable DMS always showed a decrease with depth, and levels varied depending on the sampling site, but were consistently above 50 #mol-1-1 sediment in the upper 5 cm. Values as high as 190 #mol. 1-1 sediment were observed in Flax Pond intertidal sediments (Fig. 3) . The decreases of hydrolyzable DMS with depth suggest that DMS(P) may be degraded during sediment diagenesis. These results are presented to illustrate that potentially significant sources of methylated sulfur compounds exist within the sediments. However, it remains a possibility that the DMS observed after base treatment remains largely unavailable to sediment microbes under in situ conditions.
Because sediments have been shown to consume methylated sulfur compounds, it is quite likely that sediment metabolism is responsible for keeping the in situ-dissolved concentrations of compounds such as DMS and MSH at low levels. This metabolism could have significant implications when considering fluxes of organic sulfur compounds from aquatic sediments, particularly since appreciable quantities of DMS precursors exist in the sediments (Fig. 3) .
Inhibition of biological activity with glutaraldehyde in intact sediment cores resulted in the emission of significant amounts of DMS from the marsh surface (Fig. 4) . Inhibition of anaerobic processes (sulfate reduction and methanogenesis) caused only a small flux of DMS to be observed. The small influence of anaerobic activities suggests that it may be aerobic metabolism near the marsh surface which effectively blocks DMS release. Although aerobic and anaerobic samples showed similar rates of DMS consumption ( Fig.  2A) , aerobic consumption could have the most influence on the emission of DMS due to the higher levels of DMS precursors found in the upper layers (Fig. 3) , and the proximity of the aerobic layer to the sediment surface.
Glutaraldehyde was previously shown to inhibit the cleavage of DMSP to DMS in marsh sediments. However, it did not totally eliminate cleavage [43] . Due to this inhibition, the actual rate of DMS production from DMSP in glutaraldehydekilled cores may have been lower than what occurred naturally. Nonetheless, DMS was released over several days with a rate of 6.8 gmol. m -2. d-1. Under natural conditions, microbial metabolism of DMS probably limits the efflux of DMS from the sediment surface.
